Background-The effect of age on asthma severity is poorly understood.
Introduction
Patients with severe asthma require treatment with high-dose inhaled corticosteroids plus a second controller to maintain symptom control or have uncontrolled asthma despite therapy. 1 While these patients are estimated to represent 5-10% of the total asthma population in the U.S., they have frequent exacerbations, impaired quality of life, and account for more than half of the annual costs of asthma. 2 From 2001 to 2012 the NIH/NHLBI supported the Severe Asthma Research Program (SARP) I and II cohorts to study mechanisms differentiating severe from non-severe asthma. [3] [4] [5] [6] [7] SARP investigators characterized severe asthma as a heterogeneous syndrome with diverse molecular, biochemical, and cellular inflammatory features and structure-function abnormalities. 7 Adults and children with severe asthma were further categorized by un-biased statistical methods into clusters based on distinguishing clinical features. [5] [6] Although older age was a determinant of treatment failure in asthma patients participating in the NIH Asthma Clinical Research Network therapeutic trials, these interventional studies did not target participants with severe asthma. 8 Furthermore age-related differences in the features of asthma were not studied in the original SARP I and II cohorts.
In November 2012 the NIH/NHLBI formed SARP III, a network of U.S. investigators and a data coordinating center (DCC) located at regional academic health centers involved in severe asthma research. The main objective of SARP III is to advance understanding of severe asthma through the integration of mechanistic studies with detailed phenotypic characterization. To accomplish this goal, a cohort of adults and children with severe and non-severe asthma was recruited for detailed characterization and enrollment into an observational study. This report highlights the baseline demographic, clinical, physiologic and inflammatory features of participants with severe compared to non-severe asthma and how these differences are influenced by age. The selection of specific features to examine with age was exploratory to generate hypotheses to be tested further in the longitudinal protocol.
Methods
SARP clinical centers were tasked by NIH/NHLBI to recruit a sample that included 60% severe asthmatics, 50% women, 30% non-white minorities, and 25% children. Details of the screening and enrollment procedures are provided in a consort plot ( Figure 1 ) and in the Online Repository (E-Methods and Tables EI and E2). Current tobacco smokers and those with significant past smoking history (> 5 pack years if they were < 30 years of age and > 10 pack years if they were > 30 years of age) were excluded. Participants maintained medications for asthma as prescribed by their care provider. Study procedures were approved by the IRB at each institution and an independent Data Safety Monitoring Board. All subjects provided informed consent and/or assent.
Asthma was confirmed based on responsiveness to β agonist (≥ 12% increase in FEV1 from baseline post-albuterol, n = 451) or (if < 12%), a positive methacholine bronchoprovocation (n = 250). Thirteen enrollees with an FEV1 < 50% predicted and an albuterol response < 12% did not undergo methacholine bronchoprovocation. Severe asthma was defined according to a modification of the ERS/ATS consensus definition. 1 Thresholds for high-dose inhaled corticosteroid therapy were ≥ 440 mcg of fluticasone equivalents per day for children 6-11 years of age and ≥ 880 mcg fluticasone equivalents per day for subjects 12 years of age and older. Enrollees treated with high-dose inhaled corticosteroids for at least 6 of the previous 12 months and the 3 months prior to enrollment were assigned to the severe sub-group and those who did not meet criteria for severe asthma were assigned to the nonsevere sub-group. "Children" were defined as those participants < 18 years of age at enrollment.
Characterization procedures, adapted from SARP I and II, [3] [4] [5] [6] included history and physical examination, vital signs, height, weight, and Tanner staging for children, characterization questionnaires, assessment of one week (ACQ6) and four week (ACT/cACT) symptom control, asthma-related quality of life scales (AQLQ(S) and PAQLQ(S)), spirometry with maximal β-agonist reversibility testing (dose escalation protocol at 180 mcg albuterol increments up to 720mcg), sputum induction (age 12 and older), exhaled nitric oxide (FeNO), and blood for CBC, total IgE, and allergen-specific IgE. Quality standards for spirometry were followed at each site, and results audited through the DCC. Medication adherence was measured by the Medication Adherence Report Scale (MARS-5). 9
Data Analysis
These included sex, body mass index (BMI), prevalence of obesity (defined as a BMI ≥ 30 kg/m 2 for adults and > 95 th percentile for children), pre-and maximum post-BD lung function, and prevalence of airflow limitation (FEV1/FVC ratio ≤ lower limit of normal (LLN) of the Global Lung Initiative (GLI) reference values, 10 maximum FEV1 BD response (both as absolute change and % change in FEV1 % predicted from baseline), prevalence of allergen sensitization, total blood eosinophil count, and FeNO. Allergen sensitization was defined as an elevated IgE (>0.35 IU/ml) to one of 15 allergen-specific IgE blood tests (Online Repository; E-Methods). Multiple sensitization was defined as ≥ 4 positive specific IgE tests, determined by the median of the number of positive blood allergen tests in the sample. Criterion for peripheral blood eosinophilia was ≥ 300 cells/µL, 11 and for increased FeNO ≥ 30 ppb. [12] [13] The cohort features were stratified by asthma severity (severe and non-severe) and age group (children < 18 years and adults ≥ 18 years). Non-severe asthma was classified as mild intermittent, mild persistent, and moderate persistent (both treated and not treated with inhaled corticosteroids; On-line Repository, Table E3 ). The features of ineligible versus enrolled participants in the study sample are provided (Online Repository, Table E4 ).
Categorical data are presented as count and percentages grouped according to severe versus non-severe and tested with the Pearson chi-square test. Continuous data with approximately Gaussian distributions are presented as mean and standard deviation, and differences by severity tested with a t-test. Continuous data with skewed distributions are presented as median and quartiles and differences by severity tested with a Wilcoxon rank sum test. Supplemental analyses with and without 13 participants with a) FEV 1 < 50% predicted, b) enrollees with a maximum bronchodilator response < 12.5% from baseline, and c) enrollees who did not undergo methacholine bronchoprovocation tests were compared. The analysis results did not differ when these sub-groups were excluded.
The relationship between age of enrollment and specific outcomes was modeled using cubic splines with appropriate distribution and link functions. In conducting the analysis, age at enrollment instead of duration of asthma was used as a dependent variable because duration of asthma does not correlate with risk factors for severity and is limited by recall bias. 14 Continuous outcomes with Gaussian distribution utilized the Normal distribution with identity link, binary outcomes utilized the Binomial distribution with logit link, and count outcomes utilized the Poisson distribution with log link. In addition to age, models also included severity and the interaction between age and severity to determine whether the shape of the age relationship differed by severity. P-values of < 0.05 indicated statistical significance. Whereas selection of the outcomes of interest was exploratory and not based on a priori hypotheses, no adjustment was made for multiple tests. All summary statistics, analyses, and graphs were performed via SAS/STAT ® and SAS/GRAPH ® software, Version 9.4 of the SAS System for Windows, Copyright 2012 SAS Institute, Cary, NC, USA.
severe asthma had more symptoms and historical exacerbations, lower quality of life, and (by definition) took more controller medications and prednisone than children with nonsevere asthma, but were no more obese. There was no significant difference in age at diagnosis of asthma or duration of asthma by severity in children. Mean medication adherence scores in children did not differ by asthma severity. Lung Function (Table II) .
Children with severe asthma had greater pre-BD airflow limitation than children with nonsevere asthma, but post-BD airflow limitation was similar in severe and non-severe asthma. The mean post-BD absolute change in FEV 1 % predicted was significantly greater in children with severe asthma. Inflammatory Markers and Allergen Sensitization (Table III) .
No inflammatory marker, neither blood or sputum eosinophils nor exhaled NO, was higher in children with severe asthma. Likewise, total serum IgE and the degree of allergen sensitization did not differ in children based on asthma severity. (Table I) . Adults with severe (n=313) and non-severe (n=213) asthma had similar proportions of female and minority participants. Adults with severe asthma were significantly older, more likely to have a higher BMI, more symptoms, and had more historical exacerbations, longer duration of asthma, and lower quality of life despite treatment with higher doses of corticosteroids. Adherence to treatment and age at diagnosis did not differ by severity. Lung Function (Table II) . Adults with severe asthma had greater pre-and post-BD airflow limitation than adults with non-severe asthma. The mean post-BD absolute change in FEV 1 % predicted was significantly greater in adults with severe asthma. Inflammatory Markers and Allergen Sensitization (Table III) . Adults with severe asthma had similar values for total and differential cell counts in induced sputum compared to adults with non-severe asthma, but adults with non-severe asthma had higher exhaled NO levels than severe asthma. Adults with severe asthma had higher total blood eosinophil counts and a higher prevalence of blood eosinophilia (> 300 cells/ul) than adults with non-severe asthma. Although total serum IgE levels did not differ significantly based on asthma severity, enrollees with severe asthma had a significantly lower number of positive allergenspecific IgE blood tests.
Adults-General Features

Effects of Age on the Features of Asthma
Asthma Severity. After 18 years of age the number of enrollees with severe asthma was higher and peaked in middle-age between 50 and 55 years ( Figure 2 ). In contrast, the number of enrollees with non-severe asthma did not change appreciably after childhood. The distribution by age for adults with severe asthma differed from those with non-severe asthma (p = 0.002). Sex Ratio. Pre-pubescence the ratio of boys to girls favored boys, but from young adulthood onward the ratio of women was higher than men for both severe and nonsevere asthma (p < 0.0001; Figure 3 ). BMI and Obesity. From childhood to middle age BMI was higher regardless of asthma severity, and was lower from 50 years of age onward (p < 0.0001; Online Repository, Figure E1 ). Accordingly the prevalence of obesity followed a similar pattern with advancing age (p < 0.0001; Figure 4 ) which likewise was no different based on severity. Lung Function. Both the pre-and post-BD FEV 1 /FVC % predicted were lower as age increased (p < 0.05 for both; Online Repository Figures E2A and E2B ), but the percentage of enrollees who met the definition of pre-BD airflow limitation was not different with age (p = 0.60; Figure 5A ). In contrast, the percentage of enrollees with post-BD airflow limitation was higher with age (p < 0.001; Figure 5B ). The maximum absolute change in FEV 1 % predicted post-BD was lower with age (p < 0.0001; Figure 6 ). Inflammatory Markers and Allergen Sensitization. Whereas peripheral blood eosinophil counts were approximately 50% higher in children than adults, blood eosinophilia was lower by middle age but then was higher in late middle-age enrollees (p < 0.0001; Figure 7A ). Removing participants who took oral prednisone (n = 102; 96 severe, 6 non-severe) from the analysis had no effect on differences in blood eosinophilia with age. Exhaled NO values were significantly lower with age (p < 0.0001; Online Repository, Figure E3 ). Children had significantly greater number of positive allergen-specific IgE blood tests than adults (p < 0.0001, Figure 7B ), and accordingly, serum IgE levels in children were 3-4-fold higher than adults (p < 00001; Online Repository Figure E4 ). Adherence. Adherence to treatment was not different with age.
Interaction of Age and Asthma Severity on Specific Outcomes
The interaction of age and asthma severity was significant for three outcomes. The absolute BD response and prevalence of sensitization to four or more allergens were both significantly lower with age in severe than in non-severe asthma. Likewise, although exhaled FeNO levels were lower with age for the entire sample, exhaled NO values in severe asthma were relatively flat with age compared to the sharp decline from 20 to 50 years of age in FeNO in non-severe asthma (p < 0.0001).
Discussion
We report herein on the baseline characteristics of the SARP III cohort, a unique sample recruited according to pre-specified demographic features at academic health centers concentrated in urban settings. Thus the sample is enriched in patients with severe asthma, women, and non-white minorities. In this report we compare the baseline features of severe and non-severe asthma in cross-section and then study the effects of advancing age and severity on specific outcomes. We found that children with asthma, regardless of severity, were predominately male with normal body mass and normal lung function, but a relatively high level of blood eosinophilia and allergen sensitization. By contrast adults with asthma, also regardless of severity, were mostly female, with more obesity, and greater airflow limitation. The proportion of enrollees with allergen sensitization was high at all ages, although it was significantly lower in severe asthma by mid-adulthood. The prevalence of airflow limitation was significantly greater with age, and was accompanied by a lower maximum bronchodilator response. Standard markers of Th2 inflammation, both allergen sensitization and blood eosinophilia, were significantly lower after childhood.
These results are comparable with the features of severe asthma reported in previous characterization studies. [2] [3] [4] [5] [6] [15] [16] Consistent among these reports, adults with severe asthma typically include a greater proportion of women, and have more symptoms, more exacerbations, and a greater degree of bronchodilator-resistant airflow limitation. Generally adults with severe asthma have relatively less allergen sensitization than their non-severe counterparts, whereas sputum and blood eosinophil counts vary significantly between cohorts. The SARP III cohort is most unique compared to other asthma cohorts in having a relatively greater prevalence of obesity and lower sputum eosinophils. [15] [16] These findings may be attributable to intrinsic population differences, but also could be due to differences in recruiting practices by study investigators between Europe and the U.S. For example participants with severe asthma in U-BIOPRED, a large European characterization study, were required to have been under the care of a respiratory physician for at least 6 months preceding enrollment. 16 This was not an inclusion criterion for severe asthma in SARP III, and might account in part for the differences in the two cohorts.
A striking finding in the SARP III cohort was a complete reversal of the proportion of males to females after adolescence. This was the case for enrollees with severe and non-severe asthma. This result has been consistently found in other asthma cohort studies 2,15-17 and has been attributed to a greater degree of bronchial responsiveness in post-pubertal females 18 and potential deleterious effects of estrogen and progesterone on lung function 19 and beta adrenergic receptor function. 20 Alternatively, testosterone may confer protective effects on lung function. 21 Sex hormone and lung function changes with puberty will be studied in the longitudinal SARP III protocol so as to better understand the marked change in sex ratio from males to females that occurs post-adolescence in asthma.
The prevalence of obesity in the SARP III cohort was higher from childhood to middle age but then was lower after the fifth decade of life. Children had significant variability in body mass index but overall children were less obese than adults, wherein the prevalence of obesity in severe adults was nearly two-fold higher (62% adults versus 38% children). Factors which may explain the relatively high prevalence of obesity in the SARP III sample include the general increase in obesity in the U.S. population and enrichment of the cohort with urban African Americans, a particularly at risk minority group. [22] [23] Obesity appears to predispose adult women more than it does men and appears to be at least as important as an asthma risk factor as the metabolic syndrome, if not more important. [24] [25] Understanding of how obesity and metabolic syndrome affect asthma is broadened by the recent finding that metabolic syndrome is associated with more severe asthma but involves only a subset of obese patients. 26 The prevalence of post-bronchodilator airflow limitation in the cohort was significantly higher with advancing age. Whereas post-bronchodilator airflow limitation was no different by severity in children, airflow limitation associated with a lower maximum bronchodilator response was more common among adults with severe asthma. This was due in part to loss of the maximum bronchodilator response, which was significantly lower with advancing age, and the slope of this relationship was steeper in severe versus non-severe asthma. Differences in lung function with age were highly discordant with age-related differences in markers of Th2 inflammation, which improved as lung function deteriorated. This discordance is the basis for our speculation that alternate mechanisms, supplemental to Th2 inflammation, may favor the progression of airflow limitation with age.
Allergen sensitization, an important phenotypic feature of both severe and non-severe asthma, likewise was informed significantly by advancing age. The downward slope of the proportion of enrollees sensitized to four or more allergens with advancing age was particularly steep from childhood to middle age in adults with severe compared with non- severe asthma. Older age per se is associated with a reduction in the prevalence of allergen sensitization in the general population, both in healthy individuals and those with respiratory disease. 27 Thus a plausible reason for the lower proportions of adults with allergen sensitization in the SARP III cohort could be differential recruitment of more non-allergen sensitized adults compared to children. Likewise we would also consider heterogeneity of the severe asthma phenotype, particularly inclusion of a cluster of adult women identified in SARP I/II 5 and in Europe by Haldar and colleagues 28 with relatively low allergen sensitization but troublesome symptoms refractory to anti-inflammatory therapies. Even though allergen sensitization is lower with age in severe asthma, most adults with severe asthma and non-severe asthma are allergen-sensitized well into late middle-age.
The prevalence of peripheral blood eosinophilia was significantly higher in children than adults but was not differentiated by asthma severity. Although the slope of the prevalence of blood eosinophilia was sharply downward from childhood to middle age, it reached a plateau and then rose from late middle age onward. The relatively low number of enrollees in the sample older than 65 years of age might have skewed this result. Although the overall downward pattern in blood eosinophilia with age appeared to be attenuated in severe asthma, the interaction of age and severity on this outcome was not significant. Because of the relatively low number of acceptable sputum samples in children, we did not analyze the effects of advancing age on sputum eosinophilia. A striking feature of the SARP III cohort is the relatively low numbers of sputum eosinophils compared to those seen in severe asthmatics reported in European cohorts. 16, 29 We have no ready explanation for this except that it could be attributed to differences in recruiting practices, treatment, and sputum induction/quantification methods.
In the SARP III cohort FeNO was highest in young adults between 20 and 35 years of age, and was relatively higher in non-severe than it was in severe asthma. The effects of age on FeNO compared with peripheral blood eosinophilia were strikingly dissimilar, a result that suggests factors governing the level of FeNO in asthma are different from those governing blood eosinophilia. While the mechanisms for these differences are unclear, in trials of anti-IL-5, blood eosinophils were reduced without impacting FeNO, and in trials of anti-IL4rα antibodies, FeNO was reduced without decreasing blood eosinophils. [30] [31] Mechanisms regulating FeNO include airway buffering capacity, 32 enhanced GSNOR activity, 33 and Thelper I inflammation. [34] [35] Other factors that could have independently affected exhaled NO levels in the cohort include corticosteroid use and obesity. [36] [37] [38] In summary, we found significant differences in the baseline phenotypic features of severe and non-severe asthma in children and adults. Whereas children with asthma tend to be males with normal weight and lung function in the context of eosinophilia and frequent allergen sensitization, adults with asthma have more obesity and are more heterogeneous with regard to measures of lung function, eosinophilia, and allergen sensitization. Among adults with asthma, increasing age is significantly associated with greater airflow limitation, a decline and then greater eosinophilia by late middle age, and less allergen sensitization. Age-related differences in features affected by asthma severity were limited to the maximum BD response, allergen sensitization, and FeNO. The greatest number of enrollees in the SARP III cohort with severe asthma were in middle age, suggesting that gender effects, obesity, and novel immune perturbations that occur more commonly in middle age inform the severe asthma phenotype.
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Clinical Implications/ Highlights Box
What is already known about this topic?
• Severe asthma has distinct phenotypic features in childhood, but whether the features of severe asthma are different with age has not been widely studied.
What does this article add to our knowledge?
• With advancing age, asthma is more prevalent in women than men, and is associated with higher BMI and greater airflow limitation, but lower markers of Th2 inflammation.
How does this study impact current management guidelines?
• Alternate therapies targeting non-Th2 mechanisms of inflammation need further study in the management of adult patients with severe asthma. SARP III screening, consort procedures, characterization procedures, and schematic of the longitudinal cohort study. Potential enrollees who did not complete the initial screening questionnaire are not counted among the 948 who underwent airway physiology screen testing. Potential enrollees with more than one screen failure are also not included. Histograms of enrollee counts and age for A) severe and B) non-severe asthma. Enrollees < 18 years of age are shaded in light green. Due to pre-specified recruiting goals of 25% children and equal numbers of children between 6 −11 years and 12-17 years, comparison of the empirical distributions for severe and non-severe asthma was limited to adult enrollees shaded in blue (p = 0.002) by the two-sample Kolmogorov-Smirnoff test. Logistic regression curves with cubic splines and bootstrap confidence limits for the percent of female participants by age and asthma severity. The age effect is significant (p < 0.0001; likelihood ratio test), but the shape of the curves with age do not differ significantly by severity (p= n.s. for age by severity interaction). Logistic regression curves with cubic splines and bootstrap confidence limits for the percentage of obesity by age at enrollment and asthma severity. The age effect is significant (p < 0.0001; likelihood ratio test), but the shapes of the curves do not differ by severity (p=ns for age by severity interaction). A. Logistic regression curves and confidence limits for the percentage of pre-BD airflow limitation by age and asthma severity. The age effect is not significant (n= ns; likelihood ratio test). B. Logistic regression curves and confidence limits for the percentage of post-BD airflow limitation by age and asthma severity. The age effect is significant (p < 0.0001; likelihood ratio test), but the slopes of the curves do not differ significantly by severity (p = ns for age by severity interaction). Linear regression lines and confidence limits for the absolute change in FEV 1 % post-BD by age and asthma severity. The age effect is significant (p< 0.0001; likelihood ratio test), and the slopes differ significantly by severity (p = 0.03; for age by severity interaction). A. Logistic regression curves with cubic splines and bootstrap confidence limits for the percentage of enrollees with total blood eosinophil count > 300 cells per ul of blood by age and asthma severity. The age effects is significant (p< 0.0001; likelihood ratio test), but the shapes of the curves do not differ significantly by severity (p = ns for age by severity interaction). B. Logistic regression curves and confidence limits for the percent of enrollees with four or more positive blood allergen-specific IgE tests by age and asthma severity. The age effect is significant (p < 0.0001; likelihood ratio test). Additionally the slopes differ by severity (p = 0.03 for age by severity interaction. Total AQLQ(S) Score (≥ 12 yrs) Mean ± SD n/a n/a 4.6±1.3 *
5.5±1.1
Total PAQLQ(S) (age 6-11) Mean ± SD 4.9 ±1.3 5.8±1.1 n/a n/a 
